Aims/hypothesis The aim of the study was to investigate the timing of the appearance of autoantibodies associated with type 1 diabetes between birth and puberty, the natural fate of these autoantibodies and the predictive power of autoantibody concentrations for early progression to clinical diabetes.
least one sample. Altogether, 184 autoantibody-positive children progressed to type 1 diabetes. Seroconversion occurred at an early age in the progressors (median 1.5 years), among whom 118 (64%) and 150 (82%) seroconverted to autoantibody positivity before the age of 2 and 3 years, respectively. The incidence of seroconversion peaked at 1 year of age. Compared with other autoantibody-positive children, the median autoantibody levels were already markedly higher 3 to 6 months after the seroconversion in children who later progressed to diabetes. Conclusions/interpretation Early initiation of autoimmunity and rapid increases in autoantibody titres strongly predict progression to overt diabetes before puberty, emphasising the importance of early life events in the development of type 1 diabetes. 
Introduction
The increase in the incidence of type 1 diabetes in most Western populations is alarming [1] [2] [3] . Data from Finland suggest that the incidence has more than tripled from 1953 to 1996 [4] , reaching a rate as high as 64 per 100,000 children per year in the year 2005 [5] The incidence is increasing, especially in the youngest age group (0-4 years), in whom incidence has been predicted to overtake that in the older age groups within the next 10 years [5, 6] . Most children who develop type 1 diabetes carry risk alleles at the HLA and other gene loci associated with susceptibility to the disease, but only a small proportion of the individuals at genetic risk ever show signs of autoimmunity or progress to clinical diabetes [7, 8] . Environmental factors are believed to interact with susceptibility genes, with mutual contributions to pathogenesis [9, 10] . The appearance of diabetes-associated autoantibodies in the serum is the first firm sign of the initiation of beta cell-specific autoimmunity, and reflects a critical increase in the risk of further progression to diabetes. Our recent data indicate that the serum metabolome may already be altered before seroconversion to autoantibody positivity occurs [11] . Yet the first signs of clinical disease only become apparent when 60-80% of the beta cells have been destroyed [12] .
Our group recently studied the predictive characteristics of the presence or absence of diabetes-associated autoantibodies among children with HLA-conferred disease susceptibility in the general population [13] . Genetic risk, either associated with a family history of type 1 diabetes or with defined risk alleles, indicates, at most, a diabetes risk in the range 5-8% [7, 14] by the age of 15 years, while permanent positivity for three or four diabetes-associated autoantibodies increases the risk to more than 60% over a 5 year followup [15] [16] [17] . Young age at seroconversion, positivity for multiple autoantibodies, high islet cell autoantibody (ICA) levels and persistent positivity for insulin autoantibodies (IAAs) are significant risk markers for type 1 diabetes among autoantibody-positive children [13] . Compared with recent data from the Type 1 Diabetes Prediction and Prevention Project (DIPP) [13] , this analysis focuses on the role of antibodies other than ICAs, particularly IAAs. In addition, the time point of seroconversion and changes in autoantibody concentrations are studied in more detail to try to detect the earliest predictive signals of future clinical disease.
Methods

Study design and individuals
In the Finnish-populationbased DIPP study, children with HLA-conferred susceptibility to type 1 diabetes have been monitored prospectively from birth. DIPP was launched in Turku in November 1994, and 1 and 3 years later in the University Hospitals of Oulu and Tampere, respectively; recruitment of newborn babies has continued since then. DIPP children born by the end of December 2007 were included in the current analysis, which uses DIPP data collected by 31 December 2008. The Ethics Committees of the participating universities and hospital districts approved the study. All families provided written informed consent for participation in the study.
Newborn infants were screened for genetic risk using cord blood, and families with a baby testing positive were invited to prospective follow-up at 3 to 12 month intervals until the age of 15 years. The Turku subcohort followed a more frequent blood-draw scheme than the other sites, as described previously [13, 18] . DIPP children who seroconverted to positivity for any of the diabetes-associated autoantibodies analysed were transferred to a schedule with 3 month intervals. The time window for each visit was 90 days. Serum samples were drawn at each visit and analysed for ICA, IAA, autoantibody to GAD65 (GADA) and autoantibody to islet antigen 2 (IA-2A). Children who had ever had a visit interval exceeding 1 year (time window 365+45 days) were excluded. However, if the child was seronegative in all samples before that interval and still seronegative in the first sample drawn after the break, a 2 year interval was allowed.
All autoantibodies in all samples from children born in or after 2003 were analysed. For the older children, ICA level alone was initially analysed. Once seroconversion to ICA positivity had occurred, all previous samples were analysed for IAA, IA-2A and GADA. The 3 to 12 month intervals between blood collections meant that the exact date of seroconversion could not be pinpointed. Thus, we defined age at seroconversion as the age at which at least one of the diabetes-associated autoantibodies was positive for the first time. If the child was autoantibody positive at 3 months of age, autoantibodies were measured in the maternal serum. Children with maternal autoantibodies were considered autoantibody negative. The incidence of seroconversion in each time period was expressed per 100 person-years of follow-up of children confirmed as autoantibody negative at the start of the time period.
Only 1,320 children who became autoantibody positive during follow-up were included in these analyses. Autoantibody profiles were analysed in three subgroups: (1) nondiabetic children who seroconverted to autoantibody positivity but never presented with ≥ two autoantibody species in two consecutive blood samples, referred to as 'single autoantibody positive'; (2) clinically healthy children positive for ≥ two autoantibodies at least in two consecutive blood samples, referred to as 'multiple autoantibodypositive'; and (3) autoantibody-positive children who progressed to diabetes. Information of later progression to diabetes was obtained from hospital records for those children lost to follow-up.
Genetic screening HLA-conferred susceptibility to type 1 diabetes was analysed using cord blood as described [19] [20] [21] . Carriers of the HLA-DQB1 genotypes *02/*0302 and *0302/x (x≠*02,*0301 or *0602) were selected for follow-up. Children with the genotype *02/*0302 were categorised into the high-risk group (8% risk before age 15 years), and those with the *0302/x genotypes to the moderate-risk group (3% risk). Before May 1997, DQB1 alleles *0602 and *0603 were indistinguishable in the screening assay. Children with *0602-3 were classified as low-risk individuals and were excluded from the follow-up. Boys born in Turku in 1998 or later with the genotype DQB1*02/y-DQA1*05/z (y≠*0301, *0302, *0602, *0603; z≠*0201), representing moderate risk, were also recruited for follow-up.
Autoantibody assays Autoantibodies were analysed as described [13] . Briefly, ICA levels were measured using a standard indirect immunofluorescence assay with a detection limit of 2.5 Juvenile Diabetes Foundation Units (JDFU) [22] . GADA levels were analysed using a radioligand assay with a cut-off limit for positivity of 5.36 relative units (RU) [23] . IAA levels were measured using a modified radioligand assay [24, 25] . The cut-off limit for positivity was 3.48 RU. IA-2A levels were quantified with a radiobinding assay, the cut-off limit being 0.43 RU [26] .
Statistics The data were analysed using SAS software version 9.2 (SAS Institute, Cary, NC, USA). Due to skewed distributions of the autoantibody values, the data were presented as medians and quartiles and analysed with nonparametric methods. Continuous variables were analysed with the Wilcoxon rank sum test or the Kruskall-Wallis test, and were Bonferroni-corrected when appropriate. CochranMantel-Haenszel χ 2 tests were used for categorical variables. Longitudinal analyses of the log-transformed autoantibody levels were performed with repeated-measures analysis of covariance using age at seroconversion, genetic risk level and sex as covariates. Progression to diabetes was modelled with covariate-adjusted Cox regression.
A subgroup of study children took part in a placebocontrolled clinical trial testing the effect of nasally administered insulin treatment [27] . All main results were checked using those children who did not participate in the nasal insulin trial and those who discontinued the follow-up to rule out possible confounding effects. p values lower than 0.05 were considered significant.
Results
Study children
Between November 1994 and December 2007, 122,636 newborn infants were screened for HLAconferred susceptibility to type 1 diabetes. Of these, 11,689 with genetic susceptibility were enrolled in the DIPP study (Fig. 1a) , and 7,165 were followed from birth to either diagnosis of diabetes or the end of December 2008. As screening and recruitment were ongoing, the age of the children in the study ranged from 12 months to 14 years at the end of the follow-up period (Fig. 1b) .
This study focused on the appearance and fate of the diabetes-associated autoantibodies and on the progression to overt type 1 diabetes among the 1,320 children who seroconverted to autoantibody positivity during the followup (947 of these were non-diabetic and positive for a single autoantibody, 189 were healthy but positive for multiple autoantibodies and 184 progressed to diabetes). In addition, four children previously negative for all four autoantibodies progressed to type 1 diabetes (electronic supplementary material [ESM] Table 1 ). The proportions of boys and girls were similar in all study groups (ESM Table 2 ). The median follow-up time was 7.7 years (interquartile range [IQR] 7.5-7.9).
Seroconversion age Seroconversion to autoantibody positivity occurred at all ages (median at 3.1 years; Fig. 2a ). Early seroconversion occurred more often among the children who progressed to diabetes during the follow-up than among the other children (ESM Table 2 ). Among the children who progressed to diabetes during the current followup, 118 (64.1%) became autoantibody positive before the age of 2 years and 150 (81.5%) before the age of 3 years (Fig. 2b) . There was no difference in age at seroconversion between boys and girls.
A clear peak in the incidence of seroconversion to autoantibody positivity occurred during the second year of life (age 1.00-1.99), both when the very first autoantibody was considered (Fig. 2) and also when the appearances of IAA (Fig. 3a), GADA (Fig. 3b) or IA-2A (Fig. 3c) were analysed separately. The 1 year peak in seroconversion rate was particularly conspicuous in children who later progressed to type 1 diabetes. Interestingly, seroconversion to positivity against three biochemically defined autoantigens occurred less frequently after the age of 4 years.
The seroconversion schedule was further examined by dividing the second year of life into 3 month periods. IAA, which was most commonly the first-emerging autoantibody species, most often appeared during the first quarter of the year (57 children, 40% of those who seroconverted during the second year), and less often during the last quarter (19 children). Other seroconversions occurred almost as often before and after the age of 18 months.
In contrast to other autoantibodies, seroconversion to ICA positivity (Fig. 3d ) was quite uniformly distributed over the years of follow-up. Only a small peak was seen at the age of 1 year, and the drop in the seroconversion rate at 5 years was absent. Most of the children who developed autoantibodies at an age above 5 years became positive for ICA only, showed low autoantibody concentrations and did not show signs of progressive autoimmunity during the period preceding puberty.
Progression to multiple autoantibody positivity and diabetes At seroconversion, 1,103 (83.6%) of the 1,320 autoantibody-positive children had only one type of autoantibody, and 931 (84.4%) of these children have so far remained positive for only this single autoantibody. Sixtysix progressors (36% of the 184 who developed diabetes during this study) and 106 children who developed multiple autoantibody positivity (56% of the 189 who later converted to positivity for multiple autoantibodies but did not progress to diabetes) presented first with only a single autoantibody. The number of autoantibody species at the time of the first seroconversion showed a clear association with the frequency of sample collection (p<0.0001). The children in the Turku subcohort were followed at 3 month intervals up to the age of 2 years, and subsequently at 6 month intervals, while samples in the Oulu and Tampere cohorts were first collected at the ages of 3 and 6 months, then biannually until the age of 2 years, and annually thereafter. Over half of those Turku children who later progressed to type 1 diabetes had only one autoantibody in the first seropositive sample, with only 14.1% having three or four autoantibodies; in contrast, 45.1% of the progressors in the cohort with longer blood-draw intervals had three or four autoantibodies in their first seropositive sample (ESM Fig. 1a) . Most of the children who progressed to diabetes developed other autoantibodies during the follow-up, and 163 (89%) children were positive for three or four autoantibodies before type 1 diabetes became manifest (ESM Fig. 1b) .
The time from the emergence of the first autoantibody to multiple autoantibody positivity in children who later progressed to diabetes was short (median 0.00 years, IQR 0.00-0.28; in the Turku subcohort, 0.24 years, IQR 0.00-0.52). The age at diagnosis of diabetes varied from 0.82 to 12.56 years, with a median of 4.28 years. Boys and girls showed no difference. The time from seroconversion to clinical diabetes varied from 0.02 to 12.3 years (median 2.47 years, 95% CI 0.18, 7.13 years). Progression to diabetes was clearly dependent on the duration of multipositivity, as each healthy year with autoantibodies decreased the probability of developing clinical diabetes before puberty by 30% (HR 0.70, 95% CI 0.65, 0.75; p<0.0001).
Predictive role of different autoantibodies during followup Among the children who later progressed to clinical diabetes, IAA was most often the first autoantibody to appear (141 children, 77%). Forty-four of these children presented with IAA alone, whereas 97 children had IAA together with one or more additional autoantibodies (Table 1) . IA-2A was never the first autoantibody to appear in this series of children, and was rarely seen in the first autoantibody-positive sample with another autoantibody.
Children who progressed to clinical diabetes developed multiple autoantibodies during the follow-up. Only three children had only one antibody (IAA) before diagnosis; these three were all under 12 months of age at seroconversion and under 18 months at diagnosis, suggesting that the disease process was aggressive. By the time of diagnosis, these three children had two or three autoantibodies. Among all the children who progressed to diabetes, 177 (96%) were or had been positive for ICA, 175 (95%) for IAA, 148 (80%) for IA-2A and 146 (79%) for GADA before diagnosis; these autoantibodies appeared in different combinations (Table 1) . However, all 184 children were positive for either ICA or IAA, and 168 children (91%) were positive for both. As described earlier, four children from the cohort progressed to type 1 diabetes in the absence of prior detection of autoantibodies (ESM Table 1 ).
Predictive value of early autoantibody concentration In the very first autoantibody-positive sample collected from each child, the concentration of each one of the four species of autoantibodies was slightly but significantly (p<0.001) higher in children who later progressed to type 1 diabetes than in children who did not progress. The difference between the groups became more conspicuous during the following months, especially in the first 6 months after seroconversion. Antibody concentrations Data are presented as n (%)
The number and proportion of individuals with various antibody profiles with either single or multiple autoantibodies or overt type I diabetes during the study are shown. Multiple autoantibody positivity was defined as having at least two autoantibodies simultaneously in at least two consecutive samples. Autoantibodies are not necessarily persistent; thus, autoantibodies given in the clustered combinations may have been detected in separate samples AAb, autoantibody in children who were positive for a single autoantibody remained low or declined, whereas concentrations in children who later progressed to diabetes rose quickly. In children who were positive for multiple autoantibodies but who did not progress to diabetes, the increase in antibody concentrations was less clear, or absent in the case of IAA (Fig. 4a ). These differences in the profiles of the autoantibody titres persisted, and for IA-2A the difference became even more pronounced over the first 1.5 years after seroconversion (Fig. 4b) .
As IAA was typically the first autoantibody to appear, IAA values were studied more closely around the time of seroconversion and thereafter. Antibody concentrations were already predictive of progression to diabetes in the first IAA-positive sample (p<0.0001; Fig. 5a ). Progression to diabetes was fastest in children whose IAA value was in the highest quartile. The prognostic value of IAA level was even more apparent 6 months after seroconversion to IAA positivity (p<0.0001; Fig. 5b ).
Discussion
This study shows that children with HLA-conferred susceptibility to type 1 diabetes who progressed to clinical diabetes before puberty developed diabetesassociated autoantibodies predominantly before 4 years of age, with a peak in seroconversion rate during the second year of life. An increase in autoantibody concentrations during the next few months following initial seroconversion efficiently discriminated children who progressed early to clinical diabetes from those who remained non-diabetic.
The strength of this study is the high number of study children, including 188 children with short intervals between visits, who progressed to diabetes. This made it possible to determine more exactly the timing of seroconversion than was possible in earlier studies. One of the study limitations was using ICA as the primary screening tool for autoimmunity during the first study years. It meant that some children positive for a single autoantibody (other than ICA) or two or more biochemically defined autoantibodies in the absence of ICA were likely to have been missed. However, permanent positivity for other autoantibodies was only rarely seen in children who were negative for ICA. ICA as used here is not particularly good for screening as it picks up a large number of children who never develop other autoantibodies or progress to diabetes. Use of a higher limit for positivity would diminish the number of autoantibody-positive children without influencing the detection of those children who later progress to diabetes. Analysis of children who discontinued did not change interpretation of the data and all results remained practically similar even after the Nasal Insulin Trial children were excluded from the analyses (data not shown).
The BABYDIAB study was the first to suggest that seroconversions to autoantibody positivity are common before the age of 2 years [28] . However, the study was restricted to offspring of parents affected by type 1 diabetes, and the samples were drawn at the ages of 9, 24 and 60 months. By including in our study a subcohort with a more frequent monitoring schedule, we demonstrated that potentially important findings may remain hidden even with biannual sampling during the first years of life. Our data indicate that in a setting where samples are drawn from the children at 3 month intervals starting at birth, a single autoantibody species usually appears first, followed within 1 year (90th percentile, 0.99 year) by one or more additional autoantibody species in children who progress to diabetes before puberty. More frequent blood draws are justified to pinpoint more closely the moment of seroconversion, which is probably important for the detection of the environmental triggers of autoimmunity, and for preventive interventions in the future. Thus, we recommend a 3 month sampling interval during the first years of life in studies aimed at identifying exogenous triggers of beta cell autoimmunity. This approach has been adopted in, for example, The Environmental Determinants of Diabetes in the Young study [29] .
The peak in the seroconversion rate was noted at a surprisingly young age, with a median at around 1 year. The finding that the seroconversion rate of IAA was higher at the age of 12-17 months compared with the rate at the age of 18-23 months strongly suggests that early seroconversions are not random phenomena but emphasise the importance of early environmental events in the pathogenesis of beta cell autoimmunity. Whether these factors are dietary or associated with infection or something else remains open. In any case, it is highly likely that the increase in diabetes incidence before puberty and particularly among children under the age of 5 years [30] is due to processes that, in most cases, begin during the first 2 years of life, or even during pregnancy. Previous [13, 28] and our data (not shown) further show that children who seroconvert before 2 years are more prone to progress to clinical type 1 diabetes before puberty than children who seroconvert at an older age.
The majority of the autoantibody-positive children were persistently positive for only one autoantibody, had low autoantibody levels and carried a low risk of progression to clinical diabetes. In contrast, children with multiple autoantibodies were at a substantially higher risk of progressing to clinical disease. They resembled children who progressed to diabetes during the follow-up, but they were older at seroconversion, progressed to multiple antibody positivity more slowly and had lower concentrations of autoantibodies in the samples collected soon after seroconversion. This indicates that they had a less aggressive diabetic disease process, but a majority of them will probably present with clinical type 1 diabetes at a later age. A recent Finnish survey showed that all children who were recruited from the general population and tested positive for GADA and IA-2A at a mean age of 11.8 years progressed to overt type 1 diabetes over the next 21 years [31] . The time interval between the emergence of the first autoantibody and clinical diabetes varied in the current study from a few months to several years, even in children who were very young at seroconversion. For example, two girls who seroconverted to IAA positivity at the age of 9 months and carried the same high-risk HLA-DQB1 genotype developed clinical diabetes at the ages of 12 months and 7.7 years. The screening procedure, however, only defined the HLA-DQB1 locus with the strongest disease risk association and did not take into account class I HLA loci recently shown to be important for progression of the autoimmune process to clinical disease [32, 33] or multiple loci outside the HLA region [34] . The reasons behind such variation in the progression rate remain open, and predictive models for narrowing the estimations of the duration of the prediabetic period are needed.
Similar to children positive for multiple autoantibodies [16, 17] children with high ICA titres are at high risk of progressing to diabetes [35, 36] , as high ICA levels are strongly associated with positivity for multiple autoantibodies. Children with high concentrations of IAA and IA-2A have also been observed to be at increased risk of diabetes [15, 37] , and future progressors show higher concentrations of IAA in the first positive sample than other autoantibody-positive children [38] . In contrast, GADA concentrations did not differ between those who progressed to diabetes and those who did not [15, 37] . Sosenko et al [39] have demonstrated decreased GADA and increased IA-2A titres from baseline to diagnosis. This is in agreement with our data showing an increase in IA-2A levels during the first months after seroconversion. A recent study [40] has shown that initial IAA levels predict the age of diabetes diagnosis, which is in agreement with our data. Our data further show that the predictive value of IAA level is even better 6 months after seroconversion. Although showing a statistically significant difference, the autoantibody concentrations at seroconversion were quite similar in all children in the present study. The differences between the progressors and non-progressors increased conspicuously soon after seroconversion. These data suggest that autoantibody values during the first year after seroconversion are more informative than single values measured in samples collected at random time points, e.g. during screening of populations of schoolchildren.
In conclusion, all but four children in our large DIPP cohort seroconverted to autoantibody positivity before presenting with clinical type 1 diabetes. There was a pronounced peak in seroconversion during the second year of life, indicating that triggers of diabetes-associated autoimmunity should be particularly sought in this age group or earlier. Autoantibody concentrations increased markedly 3-18 months after seroconversion in children who progressed to diabetes before puberty, indicating that not only autoantibody positivity but also autoantibody concentrations are of importance in predicting risk of clinical type 1 diabetes. Future studies are needed to find the mechanisms underlying this early and aggressive start in the autoimmune process that leads to clinical diabetes.
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